+ T cells are composed of naïve, pathogen-specific memory, and pathogen-independent memoryphenotype (MP) cells under steady state. Naïve and pathogen-specific memory cells play key roles in adaptive immunity, whereas the homeostatic mechanisms regulating the generation of MP cells and their biological functions are unclear. We show that MP cells are autonomously generated from peripheral naïve cells in the absence of infectious stimulation in a T cell receptor (TCR)-and CD28-dependent manner. We further demonstrate that MP cells contain a T-bet hi subpopulation that is continuously generated by environmental interleukin-12 (IL-12) and rapidly produces interferon- (IFN-) in response to IL-12 in the absence of pathogen recognition. These cells can provide nonspecific host resistance against Toxoplasma gondii infection while enhancing the adaptive CD4 + T cell responses. Together, these findings reveal that MP cells are continuously generated from naïve precursors and have a previously undescribed innate immune function by which they produce an early, T helper cell type 1 (T H 1)-like protective response against pathogens.
INTRODUCTION

CD4
+ T cells are essential for useful adaptive immune responses. Under steady state, conventional CD4 + T lymphocytes are composed of naïve, pathogen-specific "authentic" memory, and pathogen-independent memory-phenotype (MP) cells (1) . CD44 lo CD62L hi naïve and CD44 hi CD62L lo pathogen-specific memory cells play critical roles in protection against primary and secondary infection, respectively (2) . Naïve  CD4 + T cells, which are continuously generated in the thymus and are maintained by self-antigens and common  chain (c) cytokines in the periphery, react with cognate foreign antigens presented by major histocompatibility complex class II (MHC II) or CD1, robustly proliferate to become effector cells, and play a major role in host resistance to infection. After pathogen clearance, most effector cells die, leaving a small residual population of antigen-specific memory cells that can more effectively respond to a subsequent infection. CD44 hi CD62L lo cells are generally considered to represent foreign antigen-specific memory cells, but this concept has been called into question because some CD44 hi CD62L lo cells rapidly divide in uninfected conditions, whereas pathogen-specific memory cells only slowly proliferate (3), suggesting that "nonclassical" memory cells exist in this population. This newly recognized, pathogen-independent set of memory cells has been called "MP" cells. Because MP cells can arise in germ-free (GF) and antigen-free (AF) mice (4, 5) as well as in specific pathogenfree (SPF) animals, it is likely that MP cells develop in the absence of foreign antigen recognition and have distinct functions that are independent of overt antigenic stimulation. Indeed, there is a dearth of knowledge concerning the mechanisms by which MP cells are generated and maintained in steady state as well as their precise role in host defense.
MP CD4 + T cells are generated very efficiently from naïve cells under lymphopenic conditions such as those found in T cell-depleted, irradiated, and neonatal animals (6, 7) . In these situations, MP cells arise as a subpopulation undergoing rapid homeostatic proliferation by a process that depends on T cell receptor (TCR), costimulatory, and cytokine signaling (7) (8) (9) (10) (11) . However, a recent report suggested that MP cell generation cannot be fully accounted for by lymphopeniainduced proliferation because the MP cells arising in adult mice have a large TCR repertoire, whereas the MP cells generated by fast homeostatic proliferation in lymphopenic animals display limited TCR diversity (3) . Therefore, it is possible that MP cells are a sum of those generated through both the lymphopenic neonatal and lymphoreplete adult periods.
The immunological function of MP CD4 + T cells primarily generated by rapid homeostatic proliferation is poorly understood. Although the classical view of the immune system divides effector responses into nonlymphoid innate and lymphoid adaptive (foreign antigenspecific) responses, there is increasing evidence that innate-like lymphocytes that are not triggered by cognate antigen recognition serve as an interface between these two types of responses. Natural killer (NK) cells are an early-recognized member of this set of immune cells, and more recently, various other types of innate lymphoid cell (ILC) subpopulations have been described (12) . In addition, it is also recognized that antigen-specific lymphocytes can mediate effector function based on cytokine stimulation in the absence of overt TCR engagement, a functionality that has been best examined for CD8 + T cells that adopt a memory-like state upon expansion (13, 14) . However, little is known about whether CD4 + T lymphocytes, especially the MP cell subset, have this innate-like function, contributing in a foreign antigen-independent manner to host defense.
In the present study, we have analyzed the mechanisms by which MP CD4 + T cells are generated and maintained in the periphery of lymphoreplete adult as well as lymphopenic neonatal mice and asked whether these lymphocytes contain a subpopulation that has innate immunological function.
RESULTS
MP cells are generated from naïve cells in the periphery
MP cells are qualitatively distinct from conventional antigen-specific memory cells (3) . To see whether the commensal microbiota is essential for MP cell generation, we first compared levels of CD44 hi CD62L lo Foxp3 − MP CD4 + T cells in SPF versus GF mice. Splenic MP cell numbers were indistinguishable in the two types of animals (Fig. 1A) , suggesting that recognition of commensal antigens is dispensable for MP development. To study the kinetics of MP cell development, we quantitated MP and naïve CD4 + T cell numbers in SPF mice from 1 day before birth to 1 year of adult life. Both cell populations increased with age in the spleen (Fig. 1B) and lymph nodes (LNs) (fig. S1A) at early times after birth, with MP cells continuing to grow in number after the levels of naïve cells reached a plateau. This difference was also reflected in the persistence of rapidly dividing Ki67 + MP cells after the naïve cell population had reached quiescence ( Fig. 1C and fig. S1B ).
Because conventional CD4 + T cells newly generated in the thymus are naïve, MP cells are likely to be generated from naïve cells in the periphery. On the other hand, it has been reported that MP cells can arise directly from the thymus (15) . To examine where MP CD4 + T cells are generated, we used Rag2-GFP reporter mice, in which green fluorescent protein (GFP) marks recent thymic emigrants (RTEs) in the periphery (16, 17) . When MP and naïve cell populations were examined in GFP + and GFP − peripheral CD4 + T cells, all GFP + cells were naïve, whereas about 30% of GFP − cells had an MP (Fig. 1D) , suggesting that rapidly proliferating MP cells derive from naïve RTEs. To further test whether the continuous accumulation of peripheral MP cells requires the thymus, we performed thymectomy on 1 day after birth (TXD1) and followed the frequency of CD4 + T cells in the periphery for 6 months. In these TXD1 mice, all of the CD4 + T cells generated should theoretically derive from the peripheral CD4 + T cells preexisting in 1-day-old neonates, which we found to consist of ~100 naïve CD4 + T lymphocytes with virtually no MP cells (Fig. 1B, day 1) . In our analysis, we observed that, with age, CD4 + T cells from TXD1 mice reached a plateau of 5% among the total lymphocytes versus those from sham-operated mice, which 
increased to 15 to 20% (Fig. 1E) . When the phenotype of these CD4 + T cells was determined at 141 days, TXD1 and sham-operated mice had an equivalent number of MP cells, whereas the TXD1 mice had almost no naïve cells (Fig. 1F) . The above experiments argue that a substantial number of MP cells are generated from peripheral naïve cells in a thymus-independent fashion.
MP conversion of naïve cells occurs throughout life and requires TCR and CD28 signaling
Although the lymphopenic neonatal environment is important for MP cell generation in the periphery (7), our data indicated that MP cells continue to increase in number in the lymphoreplete adult environment as well (Fig. 1B) . It has been reported that lymphopeniainduced proliferation cannot fully explain the generation of MP cells seen in adult mice because adult MP cells have a large TCR diversity in contrast to MP cells generated by lymphopenia-induced proliferation that have a limited repertoire (3). These observations suggest that MP cells may be generated from peripheral naïve cells not only in lymphopenic but also in lymphoreplete conditions. To examine this issue, we transferred naïve CD4 + T cells from CD45.2 wild-type mice into CD45.1/2 neonatal and adult recipients and monitored the Foxp3 − donor cells for up to 8 weeks after transfer. MP cells were generated in the spleen ( Fig. 2A ) and, to a lesser extent, LNs ( fig. S1C ) of adult as well as neonatal mice. Most newly generated MP cells were Ki67 + , and this fraction decreased with time after transfer ( Fig. 2B and fig. S1D ). These findings demonstrate that naïve cells convert to rapidly proliferating MP cells in adult lymphoreplete and neonatal lymphopenic environments.
To examine in greater depth the relationship between the MP conversion rate and host age, we transferred naïve CD4 + T cells into differently aged animals and examined the donor cell population 6 weeks later. As expected, MP conversion was observed even when naïve cells were transferred into 28-day-old lymphoreplete mice, although the MP conversion rate decreased with the age of the recipients (Fig. 2C ). To calculate how many MP cells can be generated from endogenous naïve cells 6 weeks later, we multiplied the total number of naïve cells at different ages (obtained in Fig. 1B ) by the MP conversion rate (obtained in Fig. 2C ) at the same point. Naïve cells in 28-day-old animals generated many more MP cells than did those from neonates (Fig. 2D) . Therefore, in terms of the absolute number, MP cells are continuously generated from naïve cells during both neonatal and adult life, although the conversion rate decreases with age.
Under lymphopenic conditions, the fast proliferation that generates MP cells depends on TCR and CD28 signals (7) . To determine whether this is also the case in lymphoreplete conditions, we labeled naïve CD4 + T cells with carboxyfluorescein diacetate succinimidyl ester (CFSE), transferred them into neonatal and adult recipients that received anti-I-A monoclonal antibody (mAb), CTLA4-immunoglobulin (Ig), or control IgG, and analyzed the donor cells 3 weeks later. As expected, fast proliferating, CFSE − donor cells acquired a memory phenotype, whereas slowly proliferating, CFSE + cells retained their naïve status ( fig. S2 ). Blockade of I-A or CD80/86 resulted in a significant reduction in the fraction of fast proliferating, CFSE − cells in both neonates and adults (Fig. 2E) . To examine whether MP conversion requires MHC II expression on host cells, naïve CD4 + T cells were transferred into MHC II knockout (KO) mice lacking I-A, I-A, I-E, and I-E (18) . Three weeks later, few MP cells were detected in the MHC II KO recipients (Fig. 2F) . To further determine whether MP conversion depends on CD28 expression, we compared MP CD4 + T cells in wild-type and CD28 KO mice. The frequency of MP cells was significantly lower in the KO animals (Fig. 2G) . Thus, TCR and CD28 signaling appear to be essential for MP cell conversion in both lymphoreplete and lymphopenic conditions.
Recognition of self-antigens plays a key role in T cell homeostasis (19) . To seek the relationship between affinity of TCR to self-antigens and MP conversion, we analyzed the influence of CD5 expression in naïve cells. This cell surface marker reflects the affinity of TCR for self-antigens (20) . Sorted CD5 hi (upper 20%) and CD5 lo (lower 20%) naïve CD4 + T cells from CD45.2 and CD45.1 mice, respectively, were mixed at a ratio of 1:1 and transferred into CD45.1/2 neonates and adults. When analyzed 3 weeks later, CD5
hi naïve donor cells gave rise to more MP cells than did their CD5 lo counterparts in both neonates and adults (Fig. 2H) , suggesting that naïve cells with higher affinity to self-antigens can generate more MP cells. One possible interpretation of this result is that CD5 hi naïve cells react with foreign antigens to convert to MP cells given that affinity to self predicts foreign antigen reactivity (20) . To examine the role of commensal antigens in MP generation, we transferred naïve CD4 + T cells into neonatal and adult mice treated with antibiotics using a regimen previously shown to markedly deplete commensal bacteria (9) . When analyzed 3 weeks after cell transfer, MP conversion was not significantly reduced in antibiotic-treated mice in donor and recipient cell populations ( fig. S3, A and B) . Therefore, these results indicate that there is a positive correlation between affinity of naïve cells to selfantigens and MP productivity, and also suggest that commensal antigens are dispensable for this process.
The proliferation rate of MP cells correlates with TCR affinity to self-antigens and is determined by CD28 signaling Because the affinity of TCR on naïve CD4 + T cells for available peptide-MHC (pMHC) ligands determined the MP conversion rate (Fig. 2H) , we sought to examine the relationship between CD5 expression levels on MP cells and their proliferation rate. For this purpose, we measured Ki67 expression by CD5 lo and CD5 hi MP cells in SPF and GF mice (Fig. 3A) . When CD5 expression was divided into 10 small bins and the frequency of Ki67 + cells in each bin was plotted, there was a clear positive correlation between CD5 and Ki67 expression (Fig. 3B) . In addition, cell cycle analysis showed that CD5 hi (top 20%) MP cells had a ~2-to 3-fold greater fraction of cells in S phase as compared with their CD5 lo (bottom 20%) counterparts (Fig. 3C) , and annexin V staining revealed that CD5 hi cells had a ~1.5-fold greater fraction of early apoptotic cells as compared with CD5 lo cells (Fig. 3D ), indicating that MP cells with higher CD5 expression are more rapidly proliferating and more rapidly dying than those with lower expression of this marker.
CD5 expression is actively maintained by continuous ligation to self-pMHC (21) . In vitro TCR stimulation of peripheral CD4 + T cells up-regulates its expression levels (22) . To examine whether CD5 expression is altered when CD5 hi /CD5 lo MP cells are generated from naïve precursors, we sorted CD5 lo and CD5 hi naïve cells from CD45.1 and CD45.2 mice, respectively, mixed them at a ratio of 1:1, and transferred them into CD45.1/2 neonates and adults. The relative CD5 expression level was unchanged in both naïve and newly generated MP cells when examined 3 weeks later (Fig. 3E) and CD5 lo naïve CD4 + T cells from CD45.2 and CD45.1 mice, respectively, were transferred at a 1:1 ratio into 1-day-old and 8-week-old CD45.1/2 recipients and were analyzed 3 weeks later. Representative plots indicate CD44 and CD62L expression by the donor cells in the spleen, whereas the graphs show the number of MP and naïve cells generated from paired CD5 hi and CD5 lo naïve donor cells in an individual host mouse (n = 4 to 8). Data are pooled from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. days 0 and 2 and assayed Ki67 + MP cells on day 4. CTLA4-Ig but not anti-I-A mAb treatment significantly decreased Ki67 expression in MP cells (Fig. 3F) . Similarly, CD28 KO mice displayed a reduced frequency of Ki67 + MP cells compared with wild-type animals ( Fig. 3G) , indicating a critical role for CD28 signaling in determining optimal MP cell proliferation. To examine the role of TCR signaling in MP cell proliferation in more detail, we injected mice with cyclosporin A (CsA), which inhibits TCR signaling by binding to calcineurin (23) , or with control vehicle every day and then analyzed the frequency of Ki67 + cells at day 4. There was only a minimal difference in Ki67 + frequency between the CsA-treated and control groups ( fig. S5A ). To examine whether Ki67 expression by MP cells depends on TCR signaling in the long term, we transferred sorted MP cells into wild-type or MHC II KO mice. When measured 2 weeks later, the frequency of Ki67 + cells among the donor cells was not significantly different between the two groups, although there was a small difference in the total donor-derived cell number ( fig. S5B ). Therefore, MP cell proliferation is less dependent on TCR signaling but highly dependent on CD28 signaling, particularly over the short term. This contrasts with the role of MHC II in initiating the generation of MP cells from naïve precursors.
MP cells contain a T-bet hi subpopulation that requires IL-12 for its expression
To gain insight into the function of MP cells, we compared gene expression profiles in unstimulated MP versus naïve cells by RNA sequencing (RNA-seq). Transcripts of genes related to T helper cell type 1 (T H 1) but not T H 2 differentiation, such as Tbx21, Il12rb1, and Ifng, were significantly enriched in both CD5
hi and CD5 lo MP subpopulations compared with naïve cells (Fig. 4A) . Consistent with these gene expression profiles, splenic MP but not naïve cells contained T-bet hi and T-bet int in addition to T-bet lo subsets, as detected by both intracellular staining and the use of T-betZsGreen reporter mice (Fig. 4 , B and C, respectively).
To investigate the mechanisms responsible for T-bet hi cell generation, we examined the role of IL-12, which plays a critical role in T H 1 immunity (24) . Sorted naïve CD4 + T cells from CD45.1 mice were cells from wild-type and CD28 KO mice (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
transferred into wild-type or IL-12p40 KO CD45.2 adult mice and T-bet expression by the MP cell populations from both donor and recipient cells examined 3 weeks later. The T-bet hi cell population was significantly reduced in both the donor and recipient MP cells present in IL-12p40 KO versus wild-type mice (Fig. 4D) , indicating that T-bet hi cell generation is dependent on IL-12. Also, T-bet expression is augmented by a positive feedback loop (25) , suggesting that efficient transcription of T-bet might require preexisting T-bet protein. To test this possibility, we analyzed T-bet +/+ and T-bet −/− mice carrying a T-bet-ZsGreen reporter, which reads out T-bet transcription, for T-bet-ZsGreen expression by MP cells. In the T-bet −/− mice, the T-bet hi cell population (assessed by reporter expression) was specifically lost, whereas the T-bet int cells remained intact (Fig. 4E) . Furthermore, when sorted naïve CD4 + T cells from T-bet +/+ or T-bet −/− reporter mice were transferred into CD45.1 adult mice, T-bet hi MP cells were detected 3 weeks later in the recipients of T-bet +/+ but not T-bet −/− donor cells (Fig. 4F) . Together, these results imply that IL-12 plays a critical role in the generation of T-bet hi MP cells from naïve cells by facilitating the positive feedback loop of T-bet expression.
MP cells rapidly produce interferon- in response to Toxoplasma infection in the absence of cognate pathogen recognition
The above results (Fig. 4) raised the possibility that T-bet + MP cells might play a role in T H 1-type immunity. The intracellular protozoan parasite, Toxoplasma gondii, is well known to trigger T H 1 responses in the peritoneal cavity (PC) and spleen (26, 27) . We used this model to ask whether MP cells present in the same tissue sites might provide protection against pathogen challenge. In initial experiments, we detected substantial numbers of T-bet + MP cells in the PC of naïve mice, and these cells in common with the T-bet + MP cells present in the spleen required both IL-12 and an initial low level of T-bet induction for their generation ( fig. S6, A and B) .
We then infected interferon- (IFN-)-enhanced yellow fluorescent protein (eYFP) reporter mice (28) with tissue cysts of T. gondii and monitored the kinetics of Data are representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
IFN- production by CD44 hi CD62L lo CD25 lo CD4 + cells that hypothetically could include antigen-specific effector CD4 + T cells and pathogen-independent MP. To exclude the possible contribution of NK and NKT cells, we gated on the NK1.1 − CD3 hi cell population. We observed IFN- production by MP cells as early as 2 days after T. gondii infection. Pretreatment of the animals with anti-I-A failed to block this response, suggesting that it occurred independently of conventional MHC II-TCR interaction (Fig. 5A) . As an internal positive control, we confirmed that this anti-I-A mAb significantly inhibited IFN- production by CD44 hi CD62L lo cells at 7 days when the adaptive antigen-specific CD4 + T cell response is fully developed in the same animals. To further test whether IFN- production by MP cells at day 2 requires TCR signaling, we treated IFN--eYFP reporter mice with CsA and then infected them with T. gondii. As expected, CsA treatment substantially inhibited the development of IFN- + effector cells at day 7 while failing to reduce the number of IFN- + MP cells present at day 2 ( Fig. 5B ). To confirm that eYFP faithfully reports IFN- expression in IFN--eYFP reporter mice, we sorted on the eYFP hi (upper 20%) and eYFP lo (lower 20%) populations present at day 2 after infection and measured their IFN- mRNA levels by quantitative polymerase chain reaction (qPCR). As shown in Fig. 5C , IFN- mRNA expression was far greater in the eYFP hi than in the eYFP lo cells. Together, these experiments reveal that during early T. gondii infection, MP cells produce IFN- without a requirement for explicit TCR stimulation.
To further examine whether the IFN- + MP cells detected at day 2 after infection are distinct from pathogen-elicited effector cells, we asked whether they derive from a naïve T cell or a preexisting MP cell population. To do so, we performed an experiment in which CD45.1/1 Rag KO mice were sequentially transferred with CD45.1/2 total CD4 + T cells (at day −28) and purified CD45.2/2 naïve cells (at day −7) from IFN--eYFP reporter mice (Fig. 5D) . When analyzed at day 0, the MP and naïve populations were dominated by CD45.1/2 and CD45.2/2 populations, respectively (Fig. 5E) , presumably because the first donor cells occupying the MP cell niche via robust lymphopeniainduced proliferation inhibit MP conversion of the second donor cohort (29) . These mice were then infected with T. gondii, and the ratio of CD45.1/2 and CD45.2/2 populations among IFN- + CD44
hi CD62L lo cells was examined at days 2 and 7 after infection. We found that most of the IFN- + population present at day 2 was CD45.1/2, whereas at day 7 the CD45.2/2 cells predominated instead (Fig. 5F ). These findings argue that the IFN- + cells detected at day 2 after T. gondii infection derive from preexisting MP cells, whereas those present at day 7 are pathogeninduced effector cells that have differentiated from naïve T cells.
Innate-like lymphocytes are able to promptly deliver effector functions upon activation by receptor ligand or cytokine signaling (12) 
IL-12 drives IFN- production by T-bet
hi MP cells Some memory T cells produce effector cytokines in a cytokine-driven manner (30) . To determine the mechanism underlying IFN- production by MP cells, we administered cytokines promoting T H 1 differentiation, including IFN-, IL-12p70, and IL-18, to IFN--eYFP reporter mice on two consecutive days and measured IFN- expression by peritoneal and splenic MP cells 24 hours after the second injection. IL-12p70 induced IFN- expression (Fig. 6A) , consistent with the finding that MP cells expressed IL-12R1/2 mRNA (Fig. 4A) . To determine whether IL-12 is essential for IFN- production by MP cells at day 2 of T. gondii infection, we administered anti-IL-12 mAb or control IgG to IFN--eYFP reporter mice. Blockade of IL-12 almost completely abolished IFN- production by MP cells (Fig. 6B) . These data indicate that IL-12 induces IFN- expression by the MP cells present at day 2 after Toxoplasma infection.
As shown in Fig. 4 (B and C) , MP cells contained T-bet hi cells. To determine whether this population produces IFN- in response to IL-12, we injected uninfected T-bet-AmCyan IFN--eYFP double . Data are pooled from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
reporter mice with IL-12p70 or control phosphate-buffered saline (PBS) at days 0 and 1 and analyzed IFN- production at day 2. As expected, T-bet hi but not T-bet lo MP cells were triggered to produce IFN- (Fig. 6C) . This finding suggests that, in T. gondii infection, the T-bet hi subpopulation of MP cells is likely to be the main contributor of IL-12-dependent IFN- production.
MP cells provide nonspecific, IL-12-dependent resistance against infection and promote the development of adaptive T H 1 immunity
The detection of early IFN- production by MP cells in T. gondii-infected animals raised the question of whether this pathogenunspecific, IL-12-driven cytokine response contributes significantly to host defense against this parasite. As an approach to address this question, we decided to generate animals that have an MP cell population but lack the other cells required for conventional adaptive and innate lymphocytemediated immunity. For this purpose, we transferred CD4 + T cells into Rag2 c double KO (Rag c KO) mice, which are deficient in T/B/NK cells and thus can promote MP cell generation via lymphopeniainduced proliferation. We then waited several weeks so that the transferred CD4 + donor cells could acquire a CD44 hi phenotype. When assayed 4 weeks after transfer, a considerable number of T-bet + CD44
hi CD4 + T cells were generated from the donor T lymphocytes, whereas almost no naïve cells were detectable in the PC and spleen (Fig. 7, A and B, uninfected Rag c KO + MP). Theoretically, this CD44 hi cell population should contain T cells that recognize both T. gondii-specific and unrelated antigens. To check the relative contribution of these two subpopulations, we challenged Rag c KO mice that had received CD4 + T cells 4 weeks earlier with T. gondii cysts. Seven days after infection, the numbers of total CD44 hi CD4 + T cells and the tetramer + subpopulation specific for the major T. gondii epitope AS15 were not significantly increased in the infected CD4 + -reconstituted Rag c KO mice compared with uninfected animals (Fig. 7A) . Furthermore, in vitro stimulation of total splenocytes and sorted CD44 hi CD62L lo cells from infected, CD4 + -reconstituted Rag c KO mice with a soluble antigen extract of Toxoplasma tachyzoites (STAg) or with AS15 peptide failed to induce high levels of IFN- (Fig. 7C) . These results suggest that the CD44 hi MP cells established in Rag c KO mice using this protocol do not contain a substantial number of T lymphocytes specific for major Toxoplasma antigens, presumably because only a relatively small number of donor cells robustly proliferate in empty host animals, thereby giving rise to MP cells with a limited TCR repertoire diversity (3).
We then examined whether these MP cells provide protection against Toxoplasma infection. Wild-type, Rag c KO, and Rag c KO mice that had been given CD4 + T cells 4 weeks before were infected with T. gondii and checked for survival. As shown in Fig. 8A , the presence of MP cells in Rag c KO recipients was associated with prolonged survival of the infected animals. To examine whether pathogen antigen S8, A and B) . When these animals were challenged with T. gondii and checked for survival, the OT-II MP cells were found to provide significant protection ( fig. S8C ), confirming that cognate antigen recognition is not essential for the MP cell-dependent prolongation of survival. Together, these data indicate that a significant proportion of MP cells support early innate resistance toward Toxoplasma infection independently of specific pathogen antigen recognition.
Our previous results revealed that MP cells express IFN- in response to IL-12p70 (Fig. 6 ). MP cells established in Rag c KO mice produced IFN- in the PC and serum at days 2 and 7 after infection, which was paralleled by a significant reduction in T. gondii pathogen load in the PC (Fig. 8, C to E) . To assess the roles of IFN- and IL-12 in survival prolongation, we established MP cells using donor CD4 + T cells from wild-type, IFN- KO, or IL-12R2 KO mice in Rag c KO recipients using the above protocol. When these animals were infected with T. gondii, the MP cells from wild-type but not IFN- KO or IL-12R2 KO animals were found to generate protection (Fig. 8A) , indicating that MP cells can contribute to early resistance to T. gondii infection via the IL-12-IFN- axis. Furthermore, when serum IL-12p70 concentrations were measured, Rag c KO mice were found to have lower IL-12p70 levels compared with wild-type animals (Fig. 8F) . This finding prompted us to test whether exogenous IL-12p70 boosts MP activity. Wild-type MP-reconstituted Rag c KO mice showed a marked increase in survival relative to unreconstituted or IFN- KO MP-reconstituted animals as a consequence of exogenous IL-12p70 administration (Fig. 8G) . Thus, IL-12p70 is an important cytokine in the induction of IFN--mediated MP cell function during infection.
To examine the possibility that this apparently pathogen-nonspecific, IL-12-driven early IFN- production might contribute to the acquisition of Toxoplasma-specific CD4 + T cell effector function, CD45.2 Rag c KO mice that had received CD45.2 CD4 + T cells from wild-type or IFN- KO mice at day −28 were infected with T. gondii at day 0 and then 1 day later received a transfer of naïve CD45.1 CD4 + T cells (Fig. 8H ). On day 8 after infection, the number of newly generated CD44 hi effector cells among the CD45.1 donor-derived cells was markedly lower in the IFN- KO MP-reconstituted mice than in the wild-type MPreconstituted animals, as was the frequency of AS15-specific donor cells (Fig. 8I) . Moreover, IFN- production in response to in vitro stimulation with STAg was significantly reduced in CD44 hi CD62L lo CD45.1 + donor cells in mice reconstituted with IFN- KO MP cells versus those in mice reconstituted with wild-type MP cells (Fig. 8J) . These results imply that early IFN- production by MP cells plays a critical role in augmenting T H 1-type responses of antigen-specific CD4 + T cells later in the infection.
Last, to test whether MP cells are also functional in other infectious settings, we infected wild-type and Rag KO mice that had been reconstituted with MP cells by transfer of CD4 + T cells 4 weeks in advance with Mycobacterium bovis Bacille Calmette-Guérin (BCG), an avirulent bacterium that, in common with T. gondii, induces T H 1-type immune responses. When assayed on day 17 after infection, bacterial burdens in the liver, lung, and spleen were decreased, whereas splenic IFN- concentrations were increased in Rag KO mice reconstituted with MP cells (Fig. 8, K and L) , suggesting increased bacterial control by the reconstituted MP cells. To determine whether the antibacterial response can protect against lethal mycobacterial infection, we challenged MPreconstituted Rag KO mice by aerosol exposure to virulent Mycobacterium tuberculosis. As shown in Fig. 8M , these animals survived significantly longer than did unreconstituted Rag KO mice. Therefore, MP cells may be functional in multiple infectious settings.
DISCUSSION
In the present study, we addressed the mechanisms underlying MP CD4 + T cell homeostasis and their role in host resistance to infection. We found that MP cells are spontaneously generated from naïve cells in lymphoreplete adults in addition to lymphopenic neonatal animals in a TCR-and CD28-dependent manner. Once MP cells are generated, they become less dependent on TCR signaling for their maintenance while retaining a requirement for CD28 signaling. Furthermore, a subpopulation of autonomously generated MP cells express T-bet, which is induced by environmental IL-12 under steady-state conditions. This T-bet hi subpopulation rapidly produces IFN- in response to IL-12 in a pathogen antigen-independent fashion to enhance antigen-specific effector CD4 + T cell responses involved in host resistance to infection. Together, these observations reveal a previously unknown innate immune function of MP CD4 + T cells in providing early, foreign antigenindependent protection against invading pathogens. They add substantially to the emerging story of how the immune system has evolved a layer of host defense that is intermediate between the wellrecognized myeloid cell innate activities and the antigen-driven actions of conventional T and B cells.
Previous studies have shown that innate-like lymphocytes such as NK, NKT, and T cells and various types of ILCs generate effector functions in response to inflammatory cytokines in the absence of foreign antigen recognition (12, (31) (32) (33) (34) . In addition, antigen-specific memory CD8 + T cells have been shown to have similar innate activity (35), and more recently, conventional CD8 + T lymphocytes have been found to contain a subpopulation with an MP that is induced and maintained by various types of cytokines (36) (37) (38) (39) . Both CD8 + T cell subsets produce IFN- in response to IL-12 and IL-18. Here, we provide evidence that CD4 + T lymphocytes have a similar functional subset, which contributes to host defense against T H 1-inducing pathogens. Notably, in the case of Toxoplasma infection, MP CD4 + T lymphocytes, together with NK and NKT cells (but not T or MP CD8 + T cells), are the main contributors to early IFN- production. In contrast, in the case of Listeria monocytogenes infection, MP CD8 + T cells appear to exert innate immune effector function, suggesting a division of labor among these innate-like cells in different infectious settings.
Differentiated CD4 + T cells produce effector cytokines in response to STAT (signal transducer and activator of transcription) activators and NF-B (nuclear factor B)-activating IL-1 family cytokines in vitro. T H 1 cells produce IFN- in response to IL-12 (STAT4 activator) and IL-18, T H 2 cells produce IL-13 in response to TSLP (STAT5 activator) and IL-33, and T H 17 cells produce IL-17 in response to IL-23 (STAT3 activator) and IL-1 (40) (41) (42) . Consistent with these in vitro findings, a recent study reported that, in the absence of antigenic stimulation, T H 2 memory cells produce IL-13 after challenge with STAT5 activator and IL-33 in vivo (30) . Similarly, we found that MP CD4 + T cells produce IFN- in response to IL-12 in an antigen-nonspecific manner. Together, these findings suggest the existence in vivo of a cytokine-driven effector cytokine circuit in CD4 + T cells. The IL-12-driven IFN- production by MP cells plays a critical role in host defense, which is likely to be accomplished in two different ways; first, IFN- directly works on peritoneal macrophages to eliminate intracellular parasites (43) , and second, IFN- enhances antigenspecific T H 1 responses by inducing IL-12 production by dendritic cells (DCs) and by synergizing with TCR signaling to increase T-bet expression by T cells (44, 45) . These functions of MP cells appear to overlap with those of NK cells to some extent (46) . What then is the functional significance of MP CD4 + T cells compared with NK cells in T. gondii infection? NK cells are known to strongly produce IFN- and rapidly die after infection (47, 48) . By contrast, MP cells appear to produce lower levels of IFN- (Fig. 5A) and do so for a longer period under inflammatory conditions (Fig. 8G) . Therefore, MP cells may contribute to innate protection particularly after NK cells have been deleted following acute infection. To test this hypothesis, we plan to analyze the frequencies of IFN- + MP and NK cells over a longer time interval after infection. In our experiments, the T-bet hi subpopulation of MP CD4 + T cells was the major source of innate IFN-, and its production was shown to be IL-12p40-dependent. The latter is likely to reflect a requirement for IL-12p70 rather than IL-23 because MP cells do not express IL-23R mRNA (RNA-seq data). One potential source of IL-12p70 in steady state might be peripheral DC because DC-T cell interaction through CD40/CD40L induces IL-12p70 production by DC (49) and because MP cells have high levels of CD40L mRNA (RNA-seq data). Commensal and other foreign antigens are unlikely to be the major stimuli for IL-12p70 expression under steady state because T-bet + MP cells are equally present in SPF, GF, and AF mice (4). Furthermore, in addition to IL-12p70, efficient transcription of T-bet requires intrinsic T-bet expression. Because naïve cells are T-bet − , it is possible that the initial T-bet induction, which depends on TCR and CD28 signaling, is essential for these cells to be further polarized into T-bet hi cells by a positive feedback loop in the presence of IL-12p70 in steady-state conditions as well. Such a mechanism is known to operate in conventional effector T cell responses (25, 45, 50) .
MP cells are generated by proliferation of naïve precursors. Fast T cell proliferation had been thought to occur only in lymphopenic settings (19) . The availability of "niche space" is an important factor regulating such fast proliferation and is hypothesized to be determined by the relative availability to individual T cells of self-antigens/foreign antigens, costimulatory molecules, and c cytokines. By contrast, the present study demonstrates that rapid proliferation of naïve cells can also occur in a lymphoreplete environment, although at a lower rate. This suggests that MP conversion can be induced even when the niche space is small. The generation of MP cells also requires TCR and CD28 signaling in lymphoreplete conditions, indicating that this process is dependent on antigen recognition. How then do naïve cells find their cognate weak antigens in a crowded environment? We have previously shown that the repertoire complexity of preexisting MP cells determines the MP conversion rate of naïve cells, suggesting that naïve cells can sense a "hole" in the MP repertoire and proliferate to become MP cells that fill this hole (29) . Because MP cells are rapidly or slowly dying, it is conceivable that this rapid expansion is induced to occupy the niche space of MP cells in a lymphosufficient environment as well, depending on the complexity of each individual's MP cell repertoire.
Whether self-antigens or foreign antigens drive MP conversion is an important question that is still unanswered. Because MP cells are present not only in SPF and GF but also in AF mice (4), it is highly likely that the MP conversion is mainly driven by self-antigens in normal settings. However, previous papers have shown that commensal antigens provide a major stimulus for the induction of lymphopeniainduced rapid proliferation in T cell-deficient and sublethally irradiated mice (9, 51) . The latter findings suggest the existence of a specific MP subpopulation that is induced by commensal antigen recognition. This hypothesis is worthy of consideration because the comparable numbers of MP cells in SPF and GF mice do not rule out the possible contribution of commensal antigens to MP cell production in SPF mice. Thus, the repertoire of MP cells in GF mice may be sparse, which would allow additional expansion of a smaller initial set of CD4 + T cells, resulting in the total number equal to that seen in the SPF mice. Deep sequencing of TCR expressed by MP cells could be used to determine the exact ratio of MP cells induced by self-antigens versus those generated by commensal and food antigens.
Here, we have shown that, in contrast to the clear requirement of self-antigen/foreign antigen recognition in MP cell development from naïve precursors, proliferation of MP cells for their maintenance is less dependent on TCR signaling once they have been generated. This is similar to the process of antigen-specific memory CD4 + T cell formation, where MHC II-TCR interaction is dispensable for memory cell survival but is essential for effector generation (52) . Such alteration in TCR dependency has been proposed to promote the survival of memory cells because repetitive TCR stimulation drives activationinduced cell death (AICD) (53) . On the basis of this hypothesis, it is likely that MP cells are also desensitized to TCR signals to avoid AICD, thus preserving the preformed MP population, whereas self-antigens and environmental antigens continue to drive MP development throughout life. Instead of TCR signaling, we found that CD28 and IL-7, but not IL-15 or IL-2 (3), drive proliferation of preformed MP cells. To what extent desensitization of TCR signals provided by self-antigens and possibly environmental antigens and responsiveness to CD80/86 and IL-7 differentially contribute to preexisting MP cell maintenance needs further investigation.
Given that self-antigen recognition is used to select mature naïve cells in the thymus, is the destiny of naïve cells to eventually convert to MP cells predetermined at the positive selection stage? This would appear to be the case because we found that CD5 hi naïve cells with high affinity to self-antigens convert to MP cells at a higher frequency than their CD5 lo counterparts with low affinity. Even if recognition of environmental antigens in the periphery generates a subpopulation among MP cells, this notion would still be valid because the affinity of TCR to self is positively correlated with that to foreign antigens (20) . Nevertheless, because CD5 hi cells were only slightly better than CD5 lo cells in generating MP cells, it is likely that there are additional factors that govern MP conversion and, in particular, prevent the overproduction of the CD5 hi MP subpopulation. In this regard, we observed that CD5 hi MP cells die in greater frequency than do their CD5 lo counterparts under steady-state conditions. Moreover, MP cells are considered to be generated via interaction with peripheral antigen-presenting cells (APCs), and during steady state, individual APCs are proposed to express a random set of self-antigens in the periphery (54) . If so, the probability that individual naïve cells find their cognate antigens might be governed by stochastic mechanisms as well, which may prevent excess CD5 hi MP cell generation. Why then does the overproduction of CD5 hi MP cells need to be avoided? Because CD5 hi MP cells are thought to have high affinity for foreign antigens (20) and thus may decrease in number after resolution of severe infection, these pathways might be helpful in ensuring the production of the minimal number of T-bet hi MP cells through the simultaneous generation of CD5 lo cells. On the basis of the findings reported here, we propose that T-bet hi MP CD4 + T cells are a continuously generated population of innate effector cells that provide rapid and broad protection and also enhance antigen-specific T H 1 immunity to infection with pathogens. However, several further issues need to be addressed. First, it will be important to determine whether there are specific markers or transcription factors that uniquely define MP CD4 + T cells. Identification of these molecules would not only help better characterize this population, but such knowledge would also enable the development of gene-manipulated animals and/or depleting antibodies to directly assess their immunological function. A second issue concerns whether MP cells always function in a pathogen-independent manner. In T. gondii infection, MP cells produce IFN- in the absence of pathogen recognition, but their broad repertoire (3) suggests that in other infectious settings, MP cells may also exert effector function in an antigen-driven manner. A third concern is whether all MP cells are generated in the periphery. In the case of MP CD8 + T cells, a minor subpopulation is known to be generated in the thymus (55) , and the data presented here do not rule out this possibility for MP CD4 + T cells. Furthermore, it is possible that thymic T cell generation enhances the total complexity of the MP cell repertoire and the diversity of their tissue distribution throughout the body. A final question concerns the existence of a homologous MP CD4 + population in humans. If such a functional subset is present, it could provide a target for boosting or blocking natural immunity in various clinical situations.
MATERIALS AND METHODS
Study design
The aim of this study was to determine the mechanisms of generation and maintenance of MP CD4 + T lymphocytes and to elucidate the role of these cells in infection with pathogens. For this purpose, in vivo and in vitro experiments using mice were performed as written in Materials and Methods. The animal experiments were not randomized. The investigators were not blinded to the allocation during experiments and analyses. Experimental replication is indicated in the figure legends. Mice C57BL/6 CD45.2 wild-type mice were purchased from Taconic Farms. CD45.1 and CD45.1/2 wild-type, CD45.1 and CD45.2 Rag1 KO, OT-II Rag1 KO, Rag2 c KO, T-bet +/+ and T-bet −/− T-bet-ZsGreen reporter, IL-12p40 KO, and IFN- KO mice were obtained from the National Institute of Allergy and Infectious Diseases (NIAID) contract facility at Taconic Farms. IFN--eYFP reporter, IL-12R2 KO, CD28 KO, and MHC II KO mice were purchased from the Jackson Laboratory. C57BL/6 Rag2-GFP reporter mice were provided by R. J. Hodes [National Institute on Aging, National Institutes of Health (NIH)]. CD45.1/2 IFN--eYFP reporter mice were obtained by crossing IFN--eYFP reporter with CD45.1 mice. T-bet/IFN- double reporter mice were obtained by crossing T-bet-AmCyan (56) with IFN--eYFP reporter mice. Fetal and neonatal mice of defined age were obtained through examination for vaginal plugs (0.5 day post-coitum). In experiments analyzing KO animals, wild-type mice with a matching genetic background as KO mice were used as controls and maintained in adjacent caging in a room with standardized commensal flora. All mice were maintained in NIAID animal facilities. GF mice were obtained and maintained at the NIAID GF facility. The care and handling of the animals used in our studies was in accordance with the animal study protocols approved by the NIAID Animal Care and Use Committee except for the surgical procedure of neonatal thymectomy. In this case, the manipulation was performed according to the protocols approved by the Institutional Committee for the Use and Care of Laboratory Animals of Tohoku University.
Pathogens and murine infection
Type II avirulent strain ME49 cysts of T. gondii were obtained from the brains of chronically infected C57BL/6 wild-type mice. Cyst preparations were treated with pepsin to eliminate host cell contamination. For infection, mice were inoculated by the intraperitoneal route with ~15 cysts. Avirulent M. bovis BCG (Pasteur strain) and virulent M. tuberculosis H37Rv were expanded to log phase on Middlebrook 7H9 liquid medium supplemented with albumin-dextrose-catalase (Difco), washed, aliquoted in PBS, and stored at −80°C before use. Bacterial titers were quantified by plating out bacteria on 7H11 agar supplemented with oleic acid-albumin-dextrose-catalase (Difco). For M. bovis BCG infection, mice were injected intravenously with 10 6 colony-forming units (CFU) per animal. For M. tuberculosis infection, animals were exposed by aerosol for 15 min to about ~100 CFU per mouse.
Neonatal thymectomy
Neonatal thymectomy was performed on day 1 neonates. Mice were anesthetized by keeping them on crushed ice for 2 to 3 min, and the thymus was removed under a microscope with a cottonhead toothpick. Sham-operated mice were incised at the sternum without removal of the thymus. After suture of the wounds, the animals were returned to their mothers.
Antibiotic treatment
Mice were treated with ampicillin (1 g/liter), neomycin (1 g/liter), vancomycin (0.5 g/liter), and metronidazole (1 g/liter) (Sigma-Aldrich) in drinking water for 3 weeks (9). For generation of antibiotic-treated neonatal mice, female and male mice that had been separately given the above antibiotics for 1 week were co-housed for breeding while being treated with antibiotics. The antibiotic treatment was continued after birth.
In vivo mAb, cytokine, and chemical treatment
To block TCR and CD28 signaling in transfer experiments, anti-I-A mAb (Y3P; 300 g/20 g body weight; BioXCell), CTLA4-Ig (300 g/20 g body weight; BioLegend), or control mouse IgG was administered intraperitoneally to neonatal and adult mice every 3 days or, in some experiments, every other day. To block TCR signaling, CsA (20 mg/kg body weight; Cayman Chemical) dissolved in corn oil (Sigma-Aldrich), or corn oil alone, was administered intraperitoneally to mice every day. For cytokine injection, 1 g of IFN-, IL-12p70, or IL-18 (R&D Systems) dissolved in PBS, or control PBS alone, was injected intraperitoneally every day. To block IL-12, 1 mg of anti-IL-12 mAb (C17.8; BioXCell) or control IgG was administered once on the day of infection. 
Adoptive transfer
Flow cytometric analysis
Single-cell suspensions were prepared from the spleens and peripheral LNs. Peritoneal cells were obtained by washing the PC with 10 ml of PBS. In some experiments, splenic and LN cells were further enriched for CD4 + T cells using the CD4 + or Pan T Cell Isolation Kits. Cells were then incubated with CD16/32 mAb (2.4G2; Harlan Bioproducts) and stained with mAbs against cell surface markers for 20 min on ice. mAbs used (all purchased from BioLegend) were directed against CD3 (17A2), CD4 (RM4-5), CD5 (53-7. 3), CD8 (53-6.7), CD11b (M1/70), CD11c (N418), CD25 (PC61), CD44 (IM7), CD45.1 (A20), CD45R/ B220 (RA3-6B2), CD45.2 (104), CD62L (MEL-14), NK1.1 (PK136), and TCR (H57-597). Tetramer staining used CD1d (PBS-57) and I-A-AS15 tetramers, obtained from the NIH Tetramer Core Facility (Emory University). Apoptotic cells were stained using the Annexin V Apoptosis Detection Kit (eBioscience). To detect intracellular antigens, cells were fixed and permeabilized using the Foxp3/Transcription Factor Staining Buffer Set for 30 min on ice after surface staining and then stained with anti-Foxp3 (FJK-16s) and anti-Ki67 (SolA15) (both eBioscience) mAbs for 20 min on ice. For T-bet detection, fixed cells were stained with anti-T-bet (O4-46; BD Biosciences) mAb for 2 hours at room temperature. Flow cytometry was performed using LSR II or LSRFortessa (BD Biosciences), and the data were analyzed with FlowJo software (TreeStar). The representative gating strategies in transfer and IFN--eYFP detection experiments are shown in fig. S9 (B and C, respectively).
BrdU incorporation analysis
For 5-bromo-2′-deoxyuridine (BrdU) incorporation analysis, 1 mg of BrdU was intraperitoneally injected to each animal. One hour later, cells were stained with anti-BrdU and other mAbs and 7-aminoactinomycin D (7-AAD) using the BrdU Flow Kit (BD Biosciences).
RNA-seq analysis
Total RNA was prepared from sorted naïve and CD5 hi /CD5 lo MP cells using the RNeasy Mini Kit (Qiagen), and 300 ng to 3 g of total RNA were subsequently used to prepare RNA-seq libraries by means of TruSeq Stranded mRNA Library Prep Kit (Illumina). The libraries were sequenced using a NextSeq500 v2 (Illumina).
Real-time qPCR
For detection of IFN- mRNA, total RNA was extracted from sorted cells using the RNeasy Mini Kit (Qiagen) and reverse-transcribed with SuperScript III Reverse Transcriptase (Thermo Fisher Scientific). For detection of T. gondii, total DNA was isolated from peritoneal cells using the DNeasy Blood & Tissue Kit (Qiagen) (57) . Real-time PCR was performed using the TaqMan Gene Expression Assays (Thermo Fisher Scientific) or the FastStart Universal SYBR Green Master (ROX) (Roche). qPCR analysis was carried out using the QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific). Relative gene expression was calculated by the C t method and normalized to the amount of -actin (IFN- detection) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (T. gondii detection). The following primer sets were used: T. gondii, 5′-AATATTGGAAGCCAGTGCAGG-3′ and 5′-CAATCTTTCACTCTCTCTCAA-3′; GAPDH, 5′-CCAG-GTTGTCTCCTGCGACTT-3′ and 5′-CCTGTTGCTGTAGCCG-TATTCA-3′. TaqMan probes (from Thermo Fisher Scientific) were used for measurement of IFN- (Mm01168134_m1) and -actin (Mm00607939_s1) expression.
Cytokine measurement
Serum samples were collected at the indicated days after T. gondii infection. For cytokine detection in the PC and spleen, peritoneal fluid was obtained by lavage with 3 ml of PBS, whereas spleens were dissociated with 5 ml of PBS. Cells were then centrifuged, and supernatants were stored before use. Levels of IFN- and IL-12p70 were then measured using the Mouse Quantikine ELISA Kits for IFN- and IL-12p70 (R&D Systems).
In vitro cell culture Total splenocytes (3 × 10 6 cells/ml) or fluorescence-activated cell sorting (FACS)-sorted CD44 hi CD62L lo CD4 + T cells (1.0 × 10 6 and 1.5 × 10 5 cells/ml in Figs. 7C and 8J, respectively) were stimulated with anti-CD3 mAb (2C11; 0.3 g/ml), STAg (5 g/ml), or AS15 peptide (5 g/ ml) in the presence of irradiated splenocytes (1 × 10 7 cells/ml) in RPMI complete medium in 96-well plates for 3 days. Cells were then centrifuged, and IFN- levels in culture supernatants were measured by enzyme-linked immunosorbent assay (ELISA).
Statistical analysis
In survival experiments, a log-rank test was used to establish statistical significance. In the RNA-seq analysis, raw and adjusted P values were calculated using one-way analysis of variance (ANOVA) and the false discovery rate method (Benjamini and Hochberg procedure), respectively. In all other instances, a Student's t test was applied. P values of <0.05 were considered significant.
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